A recent communications experiment was conducted in a shallow water environment at high-frequency permitting the use of a large bandwidth ͑11-19 kHz͒. This paper investigates the communication performance versus various symbol rates ͑or bandwidths͒ in terms of output signal-to-noise ratio with an assortment of constellations, illustrating a trade-off between performance and data rate. A high bandwidth efficiency of 4 bits/ s Hz is demonstrated using 32 quadrature amplitude modulation with a data rate of 31.25 kbits/ s over a 2.2-km range.
I. INTRODUCTION
Underwater acoustic ͑UWA͒ communication systems typically transmit signals whose bandwidths exceed 20% of their carrier frequency, referred to as ultra-wideband ͑UWB͒ systems in radio channels. 1 Although a large bandwidth offers the potential for a high transmission rate, the available bandwidth for acoustic telemetry is very limited in UWA channels due to the relatively low carrier frequencies typically used ͑e.g., 15 kHz͒. This motivates the use of bandwidth-efficient ͑data rate/signal bandwidth͒ phasecoherent modulation with high-order constellations, and adaptive equalization is required to overcome the effects of channel delay spread. 2 Achieving the potential of UWB, however, is quite challenging due to significant multipath in UWA channels leading to the intersymbol interference ͑ISI͒, for instance, exceeding 100 symbols at a symbol rate of 5 ksymbols/ s for about 30-ms delay spread ͓see Fig. 1͑b͔͒ . This means that even a symbol-spaced equalizer must have at least 100 taps for a single receive element that is multiplied by the number of receiver elements, necessitating computationally formidable multi-channel equalizers. As an alternative, lowcomplexity multi-carrier modulation 3 ͓e.g., Orthogonal Frequency Division Multiplexing ͑OFDM͔͒ has been proposed which eliminates the need for complex time-domain equalization of a single-carrier UWB system at the expense of bandwidth efficiency. Recently a time reversal approach [4] [5] [6] has been introduced which exploits spatial diversity to mitigate the ISI and can provide nearly optimal performance in conjunction with channel equalization. 7 The benefit of the time reversal approach is lower computational complexity for two reasons. First, multiple receive elements are combined into a single channel and thus the complexity of successive channel equalizers remains unchanged as the number of receive elements increases. Second, the number of taps required for an equalizer is much smaller due to the temporal compression provided by time reversal combining than the number of symbols spanning the channel delay spread. A recent communications experiment ͑FAF-06͒ explored the high-frequency regime ͑11-19 kHz͒ typical for acoustic telemetry ͑as compared to 3 -4 kHz in previous experiments͒, permitting the use of a large bandwidth. The objective of this paper is to investigate the performance of time reversal communications versus various symbol rates ͑or bandwidths͒ in terms of output signal-to-noise ratio ͑SNR͒ with an assortment of constellations.
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II. PERFORMANCE ANALYSIS
The FAF-06 experiment was carried out in shallow water June 21-July 11, 2006, off the west coast of Italy. The vertical receive array ͑VRA͒ was deployed in 92-m water and consisted of 16 elements spanning a 56.25-m aperture with 3.75-m element spacing. 8 A 12-element transmit array ͑Topas͒ with a 6.5-m aperture was deployed to the seafloor in 46-m deep water, as shown in Fig. 1͑a͒ . The distance between the two arrays was 2.2 km. During the 3-day communications experiment reported in this paper ͑JD 180-182͒, the top element at 39-m depth ͑Ch No. 12͒ was chosen as a single transmitter with the source level of 185 dB re 1 Pa. The duration of data packets was 3 s, and each packet consisted of a channel probe followed by a communications sequence. An example of the channel response is shown in Fig.  1͑b͒ , indicating about 30-ms channel delay spread.
Two aspects of this experiment are notably different than the authors's earlier experiments. First, a raised-cosine filter is employed as a shaping pulse ͑as opposed to a linear chirp signal used previously͒, where the signal bandwidth is controlled by a roll-off factor or excess bandwidth 9 ͑e.g., ␤ = 0.5͒. Second, a higher-frequency band ͑11-19 kHz͒ is utilized which enabled us to investigate the communications performance for different bandwidths. Since their interest is in high bandwidth efficiency, various constellations from binary-phase shift-keying ͑1 bit/symbol͒ up to 32 quadrature amplitude modulation ͑QAM͒ ͑5 bits/symbol͒ are examined. The receiver involves time reversal multi-channel combining followed by a single channel decision-feedback equalizer ͑DFE͒, with frequent channel updates to accommodate temporal channel variations. 10 The low complexity of the least mean squares algorithm is used for channel estimates while the recursive least squares algorithm is used for a fractionally-sampled DFE ͑K =2͒. This hybrid approach allows for keeping the computational complexity minimal. 10 The resulting performance of time reversal communications is illustrated in terms of output SNR in Fig. 2 versus four distinct symbol rates ranging from 0.5 to 6.25 ksymbols/s. The corresponding bandwidths are 1 kHz ͑␤ =1͒, 3.75 kHz ͑␤ = 0.5͒, 7.5 kHz ͑␤ = 0.5͒, and 7.5 kHz ͑␤ = 0.2͒, respectively. Note that the last two share the same bandwidth of 7.5 kHz centered at 15 kHz but with different roll-off factors. Data rates are obtained by the symbol rate multiplied by the number of bits carried by each constellation. The bandwidth efficiency ͑bits/s Hz͒ then is calculated from the data rate ͑bits/s͒ divided by the signal bandwidth ͑Hz͒.
There are two important observations. First, the extent of the performance variation for any given symbol rate is confined to about 2 dB over various constellations. Taking into account that the data are collected various times during the 3-day period, the result appears quite consistent. Interestingly, the spread is tighter at a symbol rate of 5 ksymbols/ s ͑i.e., less than 1 dB͒. These results suggest that a higherorder constellation can be exploited to increase the data rate under the condition that the bit error rate ͑BER͒ corresponding to the output SNR is acceptable. Second, the performance tends to degrade with an increase in symbol rate if an average value is chosen for each symbol rate ͑i.e., from 29 to 23 dB͒, indicating a trade-off between performance and data rate. Since the transmitted power remains the same regardless of constellations and symbol rates, the transmitted symbol energy E will decrease linearly with an increase in symbol rate. It is interesting, however, that the output perfor- mance degrades at a much slower rate. For instance, there is about 5 dB decrease in output SNR while the transmitted symbol energy decreases by 10 dB due to the increase in symbol rate from 0.5 to 5 ksymbols/ s. Thus at the expense of lower performance one can achieve a high data rate by exploiting the large bandwidth available with the help of the time reversal approach which can handle significant ISI with minimal computational complexity.
Specifically, a high data rate of 31.25 ͑ = 6.25 ϫ 5͒ kbits/ s is obtained from 32-QAM using a 7.5-kHz bandwidth centered at 15 kHz. The scatter plot is displayed in Fig. 3 with the output SNR of 22.8 dB and BER =1/ 86 020, achieving a high bandwidth efficiency of 4 bits/ s Hz. Note that at a symbol rate of 6.25 ksymbols/ s the ISI spans about 200 symbols for the channel delay spread shown in Fig. 1͑b͒ . In the processing, the authors have fully exploited spatial diversity provided by the 16-element receive array ͑i.e., M =16͒, as shown in Fig. 2 . Although not shown here, the output SNR decreases to 20 dB ͑about 3 dB down͒ when only half the array elements ͑M =8͒ are included in the processing.
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